Teeth move continuously in the occlusal direction after they have approached the occlusal plane, which is considered a compensatory mechanism for loss of tooth crown by wear, although quantitative data have been inadequate. To clarify phenotypic correlation of tooth eruption and wear 10 populations of wild sika deer (Cervus nippon) in Japan were investigated. Mandibles, with ages assigned by cementum annuli of incisor roots, were used to estimate molar wear rate and eruption timing. Molar eruption status was assessed by observation of the buccal side of molars and coded as 3 ordinal levels according to the appearance of a cervical line (a boundary between molar crown and root). Logistic regression of the eruption status revealed that eruption timing of the lower 3rd molar (m3) was significantly different among populations (P , 0.0001) and correlated with m3 wear rate; faster molar wear resulted in faster molar eruption (P , 0.01). Eruption timing of lower 1st (m1) and 2nd (m2) molars did not show significant correlation with wear rate, possibly due to less variation in eruption timing in m1 and m2 than for m3. These findings indicate that the compensatory response of molar eruption occurs for m3 in accordance with wear mediated by environments. Herbivorous mammals have lophed cheek teeth (e.g., selenodont, lophodont, or plagiolophodont), in which individual cusps are connected and form alternating enamel and dentine lophs. These enamel cutting edges, efficient for shearing tough plant fibers, appear on the occlusal surface and are fully functional only after initial attritional wear has occurred. Herbivorous mammals increase functional durability of cheek teeth by increased tooth crown height (Janis and Fortelius 1988), and hypsodont (high-crowned) teeth can allow coarser and more abrasive food to be eaten without losing the function of mastication, which influences longevity (Van Valen 1960 ). This idea was tested recently through comparisons among populations of sika deer (Cervus nippon), which showed a positive correlation between molar durability and longevity (Ozaki et al. 2010) . In both crown morphology and dimension, therefore, herbivorous mammals have cheek teeth adapted to wear.
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Key words: age estimation, Cervus nippon, continuous eruption, logistic regressions, morphology, tooth wear, ungulates E 2011 American Society of Mammalogists DOI: 10.1644/10-MAMM-A-338.1 Herbivorous mammals have lophed cheek teeth (e.g., selenodont, lophodont, or plagiolophodont), in which individual cusps are connected and form alternating enamel and dentine lophs. These enamel cutting edges, efficient for shearing tough plant fibers, appear on the occlusal surface and are fully functional only after initial attritional wear has occurred. Herbivorous mammals increase functional durability of cheek teeth by increased tooth crown height (Janis and Fortelius 1988) , and hypsodont (high-crowned) teeth can allow coarser and more abrasive food to be eaten without losing the function of mastication, which influences longevity (Van Valen 1960 ). This idea was tested recently through comparisons among populations of sika deer (Cervus nippon), which showed a positive correlation between molar durability and longevity (Ozaki et al. 2010 ). In both crown morphology and dimension, therefore, herbivorous mammals have cheek teeth adapted to wear.
In addition to the evolutionary consequences of tooth wear, which have been extensively discussed in paleontological or macroevolutionary contexts (Janis 1988 (Janis , 1995 MacFadden and Cerling 1994) , tooth wear has drawn the attention of ecologists seeking a proximate cause of senescence (decline in animal performance with age) in long-lived wild ruminants (Kojola et al. 1998; Loe et al. 2003; Loison et al. 2001; Nussey et al. 2007; Skogland 1988; Veiberg et al. 2007) . These studies tested possible negative influences of excessive tooth wear on w w w . m a m m a l o g y . o r g animal performance. In contrast, functional responses of the craniodental system to tooth wear remain largely unexplored in wild populations. It is recognized that teeth move continuously in the occlusal direction after they have approached the occlusal plane, and the periodontal ligament is considered to be responsible for this movement (Bhaskar 1991; Craddock and Youngson 2004; Marks and Schroeder 1996) . This phenomenon, termed continuous eruption, is proposed as a compensatory mechanism to occlusal wear from odontological studies of humans (Levers and Darling 1983; Newman and Levers 1979; Whittaker et al. 1985 Whittaker et al. , 1990 . Continuous eruption also is observed among herbivorous mammals with hypsodont teeth (Fortelius 1985) . The precise genetic and physiological mechanisms behind eruptive movement are not fully understood (Marks and Schroeder 1996) . They can vary among animal groups with different tooth dimensions (Craddock and Youngson 2004; Steedle and Proffit 1985) ; that is, brachydont (low-crowned), hypsodont, or hypselodont (evergrowing) teeth. Nonetheless, continuous eruption maintains functional occlusion under lifelong occlusal wear. Thus, it is expected that faster wear of teeth results in faster continuous eruption. Quantitative data on a relationship between occlusal wear and continuous eruption, however, are limited.
Sika deer of the Japanese archipelago are ideal for testing for correlation between molar wear and eruption. They inhabit environments ranging from subarctic coniferous to subtropical evergreen broad-leaved forests, and their food habits show a continuum from grazing to browsing (Takatsuki 2009 ). Because of the variation in foods consumed and in annual precipitation of their habitats, both of which can affect total amounts of abrasive matter ingested during feeding, wear rates of molars differ significantly among populations (Ozaki et al. 2010 ). We expected, therefore, that molar eruption also would vary among the populations in accordance with molar wear.
In addition to the ecological variation observed in current sika deer populations, molecular phylogenetic studies have revealed that there are 2 genetically distinct groups in Japanese sika deer; that is, northern and southern lineages. These groups diverged .0.3 million years ago on the Asian continent and migrated separately into the Japanese archipelago (Goodman et al. 2001; Nagata 2009; Nagata et al. 1999; Tamate et al. 1998 ). Morphological comparisons of mandibles between the 2 lineages clarified that sika deer of the northern lineage have molars that are significantly more hypsodont than those of the southern lineage (Ozaki et al. 2007 ). This implies that the northern lineage might have inhabited more wearpromoting environments in the past. Thus, we expected that continuous eruption of molars would differ between the 2 lineages.
We compared molar eruption among 10 sika deer populations to test whether continuous eruption of molars differed among populations or genetically distinct lineages. Then, we correlated molar wear and eruption to test for a compensatory response in molar eruption to wear mediated by habitat of the populations.
MATERIALS AND METHODS
Mandibular specimens.-We used mandibles (n 5 582) from 10 sika deer populations in the present study (Table 1) . Populations 1-6 belong to the northern lineage, and 7-10 belong to the southern lineage ( Fig. 1 ; Appendix I). We used only female specimens because of scarcity of male samples. More information on ecology of local populations is available in Ozaki et al. (2010) . All specimens except for the Kinkazan population were obtained by nuisance cull or hunting organized by local governments, or both. Deer on Kinkazan Island have been protected for religious reasons, and carcasses of natural deaths were collected in the field during censuses. We determined age at death of each specimen from cementum growth layers of the lower incisor (i1) root (Ohtaishi 1980) ; this method has high accuracy compared with eruption-wear criteria of teeth for estimating age of cervids (Hamlin et al. 2000) . Our sika deer specimens also had clear cementum annuli in i1 roots. Ages of deer were converted to months using harvest and birth dates; the latter was defined as 1 June for all populations (Ohtaishi 1980) . Most nuisance deer were culled from late autumn to early spring (approximately November to March). For the Kinkazan individuals the exact dates of death were unknown, but the month of death was estimated from the month collected and decompositional condition.
Molar wear rates.-Using the same mandibular specimens, Ozaki et al. (2010) estimated molar wear rate of lower 1st and 3rd molars (m1 and m3, respectively) for 9 sika deer populations. In addition to using these published data, we applied the same estimation method for molar wear rates for 1 population (Shimane), which had not been investigated previously, and for m2 wear rate of all populations. Detailed procedures of estimating wear rate were explained in Ozaki et al. (2010) . We measured molar height for each specimen using a digital caliper (NTD12P-15C; Mitsutoyo Corp., Kanagawa, Japan) to the nearest 0.01 mm. The same person (MOK) measured all molars. We fitted a linear regression to molar height (log-transformed) and age in months for each population. The resultant regression slope was defined as molar wear rate.
Molar eruption status.-Exact rate of continuous molar eruption is difficult to calculate because it requires a fixed point in mandibles through ontogenetic development, and because height from the fixed point to a reference point of a target molar, usually the cement-enamel junction (or cervical line), must be identified by radiographs if the molar reference point does not appear above the alveolus. These criteria are difficult to apply to a large number of specimens. Instead, we assessed age-specific change in molar eruption status (i.e., molar eruption timing) based on simple observation of molars. Molar eruption status was assigned by observation of the buccal side of molars and designated ordinally as: cervical line did not appear above the alveolus (0), anterior part of the cervical line appeared above the alveolus (1), or the cervical line appeared entirely (2). Molar eruption status changes with increasing age (Fig. 2) . Molar eruption status was recorded by the same person (MOK) for m1, m2, and m3.
Statistical analyses.-To assess molar eruption timing and compare it among populations we used logistic regression. Because molar eruption status, the response variable in the model, had an ordinal property (3 levels: 0, 1, or 2), we used ordinal logistic regression. Explanatory variables in our full model were age, lineage, population nested within lineage (hereafter, population[lineage]), and their interactions (i.e., age 3 lineage and age 3 population[lineage]). The interaction terms corresponded to differences in molar eruption timing; that is, differences in slope of the logistic curves, between lineages, or among populations, respectively. We performed model selection based on the Akaike information criterion (AIC), considering that 2 models were significantly different when DAIC was 2 DAIC from the best model (Burnham and Anderson 1998) . We conducted log-likelihood-ratio chi-square tests to compare significance of effects of each explanatory variable and provided odds ratios of parameters. Finally, we assessed model fit (goodness-of-fit tests) based on Agresti (1996) by calculating a pure-error negative loglikelihood by constructing categories for every combination of the regressor values in the data (saturated model) and by comparing the log-likelihood of the saturated model with that of the fitted model.
Because we were testing a specific hypothesis that faster molar wear results in faster molar eruption, we conducted Pearson product-moment correlation (r) tests between molar wear rate and the parameter estimate of the interaction term (age 3 population) in the logistic regression models. Again, the latter corresponds to population differences in molar eruption timing (difference in slope of the curves). We also checked variation in eruption timing among m1, m2, and m3 by 1-way analysis of variance (ANOVA) of the time interval for transition of eruption status. The time between the maximum observed age of deer specimens that had an eruption status (x) and the minimum age of specimens having successive eruption status (x + 1) indicated that transition of eruption status from x to x + 1 occurred within this time interval. The Shapiro-Wilk test (P . 0.10) and Bartlett's test (P . 0.10) showed compliance of the data with the ANOVA assumptions of normality and homoscedasticity, respectively. When a significant difference in time interval was detected, we conducted multiple post hoc pairwise comparisons using the Tukey-Kramer procedure. A significance level of 0.05 was applied for all statistical tests. All statistical tests were carried out with JMP release 8.0.2 (SAS Institute Inc., Cary, North Carolina).
RESULTS
Change in molar eruption status.-The minimum observed age of specimens with m1 eruption status 1 was 23 months, and the maximum observed age of those with m1 eruption status 0 was 44 months (Table 2) . Thus, transition from 0 to 1 for m1 occurred between 23 and 44 months of age (length of the time interval was 44 2 23 5 21 months). Likewise, transition from 0 to 1 for m2 and m3 occurred between 39 and 153 months (114 months) and between 68 and 173 months (105 months), respectively. Transition from 1 to 2 was between 28 and 67 months (39 months), between 62 and 173 months (111 months), and between 93 and 224 months (131 months) for m1, m2, and m3, respectively. The time interval for transition of molar eruption status differed significantly (F 2,3 5 28.90, P 5 0.01) among m1 (X 5 30 months 6 13 SD), m2 (X 5 112 6 2 months), and m3 (X 5 118 6 18 months). Post hoc pairwise comparisons indicated that m1 took a significantly shorter time for transition of molar eruption status than did m2 (P 5 0.02) and m3 (P 5 0.01), but m2 did not differ from m3 (P 5 0.91); this reflects less variation in m1 eruption timing among the populations than for m2 and m3 (Appendix II).
Difference in molar eruption timing and correlation with molar wear rate.-The logistic regression failed to estimate parameters in 2 models (the full model and the model with population, age, and age 3 population) for m1; that is, estimating iterations did not converge. This result was because some effects in these models were too small to account for variance of the molar eruption. The best model for m1 did not include the age 3 population interaction term (Tables 3 and  4) , which indicated no significant variation in m1 eruption timing among populations. This corresponded to low variation in m1 eruption timing among the populations. Based on AIC, 2 competing models were presented for m2 and m3: the full model and the model including population, age, and age 3 population (Table 3 ). In the full models, however, the loglikelihood-ratio tests revealed that effects of lineage and its FIG. 2.-Continuous molar eruption with increasing age in female sika deer. Arrows indicate appearance of cervical lines (boundary between molar crown and root) above the alveolus. For specimens without tartar the cervical line appears as a boundary between whitish enamel and yellowish root (c and e-h); observations of .500 mandibles showed that tartar attaches only to the enamel but not to the root cement. a) A 45-month-old specimen with m1 eruption status of 1 and m2 and m3 status of 0 (TG-0407, Nikko). b) A 93-month-old specimen with eruption status of 2, 1, and 0 for m1, m2, and m3, respectively (TG-0410, Nikko). c) A 104-month-old specimen with eruption status of 2, 1, and 0 (HKD-0413, eastern Hokkaido). d) A 105-month-old specimen with eruption status of 2, 2, and 0 (TG-0413, Nikko). e) A 105-month-old specimen with eruption status of 2, 2, and 0 (MGK-97214, Kinkazan Island). f) A 129-month-old specimen with eruption status of 2, 2, and 1 (MGK-97010, Kinkazan Island). g) A 152-month-old specimen with eruption status of 2, 2, and 2 (HKD-0435, eastern Hokkaido). h) A 165-month-old specimen with eruption status of 2, 2, and 2 (TG-0421, Nikko). Scale bar is 1 cm. interaction were not significant (for m2, lineage: x (Tables 5 and 6 ). The goodness-of-fit tests for selected models showed that introducing additional variables did not improve model fit (for m1, x 2 530 5 145.50, P 5 1.0; for m2, x 2 521 5 199.77, P 5 1.0; for m3, x 2 521 5 153.07, P 5 1.0). Effect of age 3 population on molar eruption status was stronger in the model for m3 than for m2 (log-likelihood-ratio x 2 test, for m2: x 2 9 5 20.45, P 5 0.02; for m3: x 2 9 5 42.28, P , 0.0001). Thus, variation in eruption timing among populations was larger in m3 than in m2. Probability plots of molar eruption status for m2 and m3 illustrated that trajectories of the logistic curves varied among the populations (Appendix III). Parameter estimates for age 3 population for m2 and m3 (Tables 5 and 6 ) were used in correlation tests.
Wear rate of all 3 molars was slowest in the Fukuoka population and fastest in the Kinkazan population ( Table 1) . The parameter estimate of age 3 population was correlated positively with molar wear rate for m3 (r 5 0.85, n 5 10, P , 0.01), whereas no significant relationship was found for m2 (r 5 0.41, n 5 10, P 5 0.24).
DISCUSSION
We found significant variation in molar eruption timing of m2 and m3 among sika deer populations, whereas no variation in m1 eruption timing occurred. In addition, variation in eruption timing was greater in m3 than in m2. This sequential difference in amount of variation in eruption timing from m1 to m3 was related to molar dimension. Because unworn molar height is largest in m3 and smallest in m1 (Appendix I), height of a molar below the alveolus at the time a molar starts occlusion (i.e., start of continuous eruption) was largest in m3 followed by m2 and m1. Thus, the vertical distance that an erupting molar moves is smallest in m1, which might be responsible for the very small variation in the eruption timing among the populations, despite a variation in rate of continuous molar eruption in m1.
The small variation in eruption timing in m1 and, to a lesser degree, m2 suggests that we can infer age of deer from molar eruption status. Tooth eruption and wear have been used extensively to estimate age of wild mammals Chapman 1990, 1991; Chapman et al. 2005; Fandos et al. 1993; Hewison et al. 1999; Van Deelen et al. 2000) , although appearance of cervical lines of molars has been less investigated (but see Lowe 1967) . Considering succession of eruption status from 0 through 2, age distributions of deer with eruption status of 1 are informative. The age ranges, within which 95% of samples with eruption status of 1 fall, are 23-59 months for m1 and 42-170 months for m2. Age of deer samples with eruption status 0 or 2 are beyond these intervals. For example, deer with m1 eruption status of 0 will be younger than 23 months, and those with m1 eruption status of 1 and m2 eruption status of 0 will be considered between 23 and 42 months old. Because molar eruption status can be checked instantly compared with tooth cementum annuli counted by histological observations or tooth crown height measured by calipers, assessment of molar eruption status offers practical estimation of age categories of sika deer.
Conversely, the significant variation especially in m3 eruption timing among populations implies that the actual rate of m3 continuous eruption varies among populations. Other possibilities are variation in relative unworn m3 height with respect to mandible size, and variation in time when m3 reaches the occlusal plane of dentition.
Considering the 1st possibility although the actual molar eruption rate was similar among populations, relatively higher molars need to move longer perpendicular distances in the mandible to be fully erupted, which might result in delayed eruption timing compared with relatively lower molars. Thus, variation in eruption timing in m3 could result partially from variation in unworn m3 height among populations. This, however, does not occur, because no correlation (P 5 0.71) was found between relative molar height (mean unworn molar height divided by mean adult mandible size [Appendix I]) and eruption timing in m3.
For the 2nd possibility we have limited data on variation in the time when molars attain the occlusal plane because of the scarcity of deer that died when m3 starts occlusion. In sika deer m3 starts occlusion at approximately 30 months of age (Ohtaishi 1980) . Examination of available data for our samples indicates that the age of deer that display slight m3 occlusal wear on anterior cusps (protoconid and metaconid) is less variable (n 5 15, X 5 33 months 6 6 SD [M. O. Kubo, pers. obs.] ) than the observed variation in age with the same eruption status of m3 (for status 1, 68-224 months). Thus, it is not reasonable to associate variation in m3 eruption timing with variation in the age when m3 starts occlusion. It is more plausible that our data on m3 eruption timing reflect variation in actual rate of continuous eruption in m3, although a further assessment of perpendicular movement by molars is needed to conclude that m3 eruption rate varies significantly among populations.
Eruption timing of molars was not significantly different between the phylogenetically distinct lineages. This implies that the mechanism behind continuous eruption might be conserved among sika deer lineages, despite the morphological differentiation in molars (Ozaki et al. 2007 ). In addition, examination of preliminary data on molar eruption in the closely related species, red deer (Cervus elaphus-Lowe 1967), showed that the youngest ages when molars attained full eruption (i.e., the cervical line appeared above the alveolus, or molar eruption status of 2) were 29, 63, and 99 months of age, respectively, for m1, m2, and m3, which were comparable to those of sika deer (28, 62, and 93 months). This suggests that the mechanism behind molar eruption is not significantly different between red deer and sika deer. Because red deer data are limited (only 34 individuals), especially for older age classes, further molar eruption data on red deer are needed to conclude that the molar eruption mechanism is similar in the closely related species.
On the other hand, both m2 and m3 eruption timing were significantly different among sika deer populations, and m3 eruption timing correlated with m3 wear rate, with the faster molar wear resulting in faster molar eruption. Eruption timing of m2 did not show significant correlation with m2 wear rate, possibly due to less variation in m2 eruption timing than for m3. Orthodontic studies using either clinical data on humans or experimental data on laboratory rats have shown that teeth without antagonists continue to erupt more rapidly than those with antagonists. These teeth even erupt beyond the occlusal plane (i.e., overerupt), suggesting that occlusal pressure during mastication suppresses eruptive movement to some extent (Berkovitz and Faulkes 2001; Compagnon and Woda 1991; Craddock and Youngson 2004; Steedle and Proffit 1985) . Thus, it is expected that decreased occlusal pressure due to wear of molars activates eruptive movement. The strong correlation between m3 wear rate and m3 eruption timing gives further support to this supposition, clearly indicating that the compensatory response of m3 eruption occurs in accordance with m3 wear, which is mediated by habitat (Ozaki et al. 2010 ). Experimental studies of laboratory animals with hypsodont molars, and additional comparative studies using other ruminant species, will clarify how continuous molar eruption is controlled and whether it evolved according to increasing hypsodonty in ruminants from browsing to grazing species.
